The spatial distributions of the valence-electron density and the total energy reliefs for water (or methanol) migration on the free surface of graphene are obtained, by using the electron density functional and ab initio pseudopotential methods. Water and methanol molecules are found to migrate along the surface of graphene with an energy relief with barriers and wells. The interaction of water molecules located on the opposite sides of the graphene plane through the regions in the graphene plane with a low electron density is detected. The hovering of molecule over the graphene plane is found to locally change plane's conductivity. The estimate of energy costs during the propagation of adsorbent molecules over the graphene surface testifies to the graphene hydrophobicity.
Introduction and Statement of the Problem
Graphene is a two-dimensional allotropic modification of carbon formed by a monolayer of sp2-hybridized carbon atoms that are bound by σ-and π-bonds into a hexagonal two-dimensional crystal lattice possessing a unique combination of properties. Despite the intense studies of graphene, there are few reports containing the information on the interaction between water (methanol) and graphene, which could be important for using graphene in protective coatings [1] [2] [3] [4] [5] [6] [7] . The information concerning the wetting of graphene by water and methanol can promote the development of various applications. In particular, hydrophobic and superhydrophobic surfaces have a low surface energy and, as a rule, are electric insulators. A conformal coating of such surfaces with graphene can result in the creation of a new class of conducting superhydrophobic surfaces, which can be applied in various domains [8] [9] [10] [11] . Bearing all that in mind, we calculated the energy barriers for water and methanol migration along the graphene plane in the framework of the electron density functional and ab initio pseudopotential methods. All calculations were carried out with the help of our own program code [12] . 
Models and Calculation Methods
All our estimates of static structural properties in terms of the energy evolution are based on the following assumptions: (i) electrons are in the ground state for every instant positions of nuclei (the Born-Oppenheimer adiabatic approximation); (ii) many-particle effects are estimated in the framework of the local electron density functional formalism, and (iii) the socalled frozen core approximation, i.e. pseudopotentials, is used. The theory of pseudopotentials makes it possible to use the convenient mathematical apparatus of Fourier transformations, because, owing to the pseudopotential weakness, plane waves can be used as the basis functions at expanding one-particle electron wave functions. Due to the artificial symmetry of examined objects, the expression for the total energy can be written simpler in the momentum space. The total energy per unit cell looks like 
where the vector k belongs to the first Brillouin zone, G is the reciprocal lattice vector, Ψ i (k + G) is the wave function, the subscript i marks occupied states for a definite k, ρ(G) is the coefficient in the expansion series of the valence-electron density, the primed sum sign means that the term corresponding to G = 0 is absent, the subscript τ enumerates atoms in the unit cell, S τ (G) is the structural factor, V L τ is a local spherically symmetric pseudo-potential independent of the quantum orbital number l, ∆V N L l,τ is the nonlocal correction to V L τ dependent on l, Z τ is the ion charge, and γ Ewald is the Madelung energy of pointlike ions in a uniform negative background.
The coefficients in the Fourier series of the electron charge density are calculated by the formula
where Ψ i (k + G) are the coefficients of the expansion in plane waves of the one-particle wave function, which can be obtained from band-structural calculations, and α is the operator of symmetric transformations from the point symmetry group for the unit cell.
In order to calculate the exchange and correlation energies per electron, ε xc , we used the Ceperley-Alder approximation parametrized by Perdew and Zunge. The integration over k was substituted by calculation at Γ-point.
The capability of graphene to be wetted by water or methanol was estimated from the energy expenses needed for the adsorbent molecules to propagate over the surface. The calculation procedure was as follows. First, the adsorption bond length was determined, i.e. the distance between water (methanol) molecules at their migration was chosen. The choice was associated with the fact that the minimum distance between a water molecule and the graphene plane should be equal to the sum of the Bohr radii of the largest atom in the water molecule and the carbon atom. The maximum distance of the molecule from the graphene plane was determined by the disappearance of the electron density exchange between the molecule and graphene. Then, the following scenario of surface diffusion was used. Within a diffusion step between two surface positions, the adsorption bond length was assumed to remain invariable. The direction of molecule migration was selected along the hexagon diagonal (the direction [1100]). Then the initial positions of molecules with respect to carbon atoms in graphene and the displacement step were chosen. A trajectory of the described migration is shown in Fig. 1 . The total energy was calculated for every atomic configuration corresponding to the elementary step of surface diffusion, thus generating the energy relief along the migration trajectory of a water (or methanol) molecule.
Since the calculation algorithm was developed, by assuming the translational symmetry of the researched atomic system, a supercell of tetragonal type was created first of all. Its parameters and atomic basis depended on the research object. The atomic basis of a primitive cell in the artificial lattice reproducing the graphene plane covered with water molecules from both sides included 30 atoms; and 36 atoms in the case of the plane covered with methanol molecules. The account of the translational symmetry was equivalent to the consideration of an infi-nite graphene plane covered with water (or methanol) molecules at a concentration of 8.3%.
Results of Calculations and Their Discussion
With the help of our own program code [12] , we calculated the total energies of the model atomic system and the spatial distributions of the valence-electron density. In addition, the cross-sections of those spatial distributions were determined for the Γ-point in the Brillouin zone of the 3D superlattice.
In Fig. 1 , a schematic diagram of water (or methanol) molecule migration along the graphene plane is shown. The direction of water (or methanol) motion is designated by an arrow, the points mark the positions of molecules, at which the energy of the studied object was calculated. Top and bottom points mark the positions of molecules that move on different sides of the graphene plane. Figure 1 also demonstrates the atomic basis of the primitive cell in the artificial lattice. The water molecule is oriented by its oxygen atom toward the graphene plane.
Figures 2 to 4 illustrate variations of the total energy of the graphene plane during the migration (surface diffusion) of water (or methanol) molecules along it. The molecules are separated from the graphene plane by distances, which are probable for the surface diffusion processes. It should be noted that the migration of molecules occurs simultaneously on the both sides of graphene plane. The model trajectory (see Fig. 1 ) contains a point (this is position 0, at which the molecule is located above the carbon atom), when the molecules are the closest to each other. At the same time, molecules at position 2 (the atomic hexagon center in the graphene plane) are the most distant from each other. Figures 2 and 3 , which demonstrate the potential reliefs for water molecules that migrate in the same direction along the graphene plane, but at different distances from it, reveal strong quantitative differences. In particular, when water molecules migrate at a short distance from the both sides (lower and upper) of graphene plane and, so to say, feel each other, the model atomic system has the highest energy, when the water molecule is located at the hexagon center (the potential relief has a barrier at this point). When water molecules are located in vicinities of carbon atoms, which screen their interaction, the energy of water molecules, when approaching the hexagon vertices, turn out in an energy well. The energy difference between the maximum and the minimum of the . 7 . The same as in Fig. 6 , but for the distance between the water molecule and the graphene plane equal to 2.9Å potential relief amounts to 0.21 a.u. per atom. When water molecules migrate at a long distance from the both sides (lower and upper) of the graphene plane and do not feel each other, the energy profile of migration has the same character. But the energy difference between the maximum and the minimum of the potential relief amounts to only 0.07 a.u. per atom. Hence, the height of the energy barrier for the migration of water molecules on the graphene surface diminished by 66%.
Attention should be paid to a feature in the electron density distribution in the case of a free unconfined graphene plane. At the centers of atomic hexagons, the own electron density of graphene equals zero (Fig. 5) . This natural vacuum "hole" in the graphene plane creates a channel, through which water molecules located on the different sides of the graphene plane can interact. The reality of this interaction is confirmed by spatial distributions of the electron density and their cross-sections depicted in Figs. 6-11. Figures 6-8 illustrate variations in the spatial distribution of the valence-electron density that accompany the migration of water (or methanol) molecules along the graphene surface in the direction [1100], with the molecules being at certain distances from the graphene plane that are probable for the surface diffusion processes. Figures 9-11 demonstrate the cross-sections of those distributions in mutually perpendicular planes. Fig. 9 , but for the distance between the water molecule and the graphene plane equal to 2.9Å Fig. 11 . The same as in Fig. 9 , but for the distance between the water molecule and the graphene plane equal to 3Å
Concerning the migration of methanol molecules at a long distance from the graphene plane (3Å), the corresponding energy barrier height amounts to 0.13 a.u., which is by 50% larger than in the case of water molecules that move at the same distance.
Elementary atomic processes running on the graphene surface during its wetting by water or alcohol are governed by interactions between adsorbent molecules and the surface. An exchange of the electron charge was registered between migrating molecules and the nearest graphene atoms, with the exchange intensity depending on the position of the adsorbed molecule on the surface (see Fig. 6 ). Another situation was also observed when the valence-electron bridges in the vacuum gap between the molecules and the graphene plane were absent, but molecule's "shadow" with a higher electron density appeared on the plane under the real molecule (see Fig. 7 ). In other words, the hovering of a molecule above the graphene plane locally changed its conductivity.
Conclusions
Using the electron density functional and ab initio pseudo-potential methods, the distributions of the valence-electron density and the total energy reliefs for the water migration on the free graphene surface are calculated. Water or methanol molecules migrate over the graphene surface, which is characterized by an energy relief with barriers (at the centers of atomic hexagons in the graphene plane) and wells (in vicinities of carbon atoms). The barrier height depends on the distances between the molecules and the graphene plane. Interaction through regions with a low electron density in the graphene plane is registered between water molecules located on the different sides of the plane. The hovering of molecules over the graphene plane is found to locally change plane's conductivity. The estimation of energy costs during the propagation of adsorbent molecules on the graphene surface testifies to the phobicity of graphene with respect to water and alcohol, which is a result of the nonuniform character of the energy barrier.
